Background and Purpose: Flagella contribute to the virulence of pathogenic bacteria through chemotaxis, motility, and adhesion. Understanding the various functions of flagella may provide insight into mechanisms of bacterial infection and transmission. The objectives of our study were to apply biophysical and biochemical methods to investigate the mechanisms of pH-dependent changes in flagella functions. Methods: Atomic force microscopy (AFM) was used to analyze the flagellum morphology of Escherichia coli cultured in various pH conditions. The swarming plate method was used to identify pH-dependent changes in bacterial motility. Western blot analysis and attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) were also carried out to study pH-dependent expression and structural changes of flagellin C.
Introduction
Bacteria have evolved means of locomotion to access sources of nutrition and penetrate host defenses. 1e3 In these processes, bacterial flagella play an important role in motility and invasive infections of tissue. Flagella are one of the most complex and extremely effective organelles of locomotion, capable of propelling bacteria through liquids (swimming), through viscous environments, and over surfaces (swarming). 4 Bacterial flagella can sense stimuli, such as chemicals and temperature, in the local environment, allowing bacteria to change swimming patterns to aid in survival. 5e7 The pH, temperature, and composition of the culture media may have a significant effect on the adhesion of bacteria to surfaces. 4, 8 A number of organic compounds repel bacteria, and weak acids have recently been shown to reduce the surface adhesion of flagella. 9, 10 An investigation of Proteus sp. also showed that the flagella sway wavelength was reduced 2-fold when exposed to an acidic environment. 11 Thus, investigations of the effects of environmental pH on flagella functions are warranted, and direct visualization of the flagella structure may be required to fully understand the intricacies of such effects. 12 Atomic force microscopy (AFM) has emerged as a useful nanotechnology tool for microbiological studies. 13e20 The sample preparation for AFM imaging is relatively simple, and the distortions of the samples during the preparation procedures can be minimized. Consequently, the morphology of the samples observed using AFM imaging can closely resemble the natural structure. AFM has recently been used to study bacterial flagella. 12 In this study, we applied nanometerresolution AFM techniques to examine the morphology of the flagella produced by Escherichia coli that were cultured in different pH conditions. Swarming analysis was applied to calculate the pH induced changes in bacterial motility. Western blot analysis and attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy were also carried out to identify pH-dependent changes in the expression and secondary structure of the flagellin C protein (FliC), respectively. Data obtained from our studies show that changes in the pH of the cellular environment induce changes in the structure and function of bacterial flagella.
Materials and methods

Bacterial culture and growth curves
Seed cultures were prepared by inoculation of 25 ml sterile Luria-Bertani (LB) broth with a single colony of E coli strain DH5a, and the bacteria were cultured at 37 C at 160 rpm until the optical density at 600 nm (OD 600 ) of the culture reached 1.2. For growth curve analysis, a 200 ml aliquot of the bacterial seed culture was used to inoculate 30 ml of LB with a pH of 6, 7, or 8. The bacteria were cultured with shaking at 37 C, and the growth curves were measured.
Motility assays
The swarm plate method developed by Harshey and Matsuyama 21 was adopted for our study to investigate the motility of E coli in environments with different pH. 
Atomic force microscopy
For AFM imaging, cells were collected from 1 ml of bacterial culture (OD 600 Z 1.2) after 8 h incubation at 37 C by centrifugation at 2000 rpm for 5 minutes at 4 C using a Beckman 22R microcentrifuge (Beckman Coulter, Brea, CA, USA). The bacterial pellet was resuspended in 200 ml distilled water, and 10 ml of the suspension was adsorbed onto a freshly cleaved mica disc (Ted Pella, Redding, CA, USA) for 30 minutes. The discs were rinsed gently with distilled water and dried in a vacuum desiccator. The samples were imaged using a Nanowizard AFM (JPK Instruments, Berlin, Germany) that was operated in contact mode. The cantilevers used were oxide sharpened silicon nitride (Si 3 N 4 ) probes (DNP-S20; Veeco, Plainview, NY, USA) with a spring constant of 0.58 N/m. Images were collected at 512 Â 512 pixels with a scanning speed of 1.0 Hz. SPM controlling software version 2.3.14 (JPK Instruments) was used for AFM imaging and data collection. The SPM Image Processing version 3.1.6 (JPK Instruments) was used for AFM image data processing and analysis.
Transmission electron microscopy
For transmission electron microscopy (TEM) sample preparation, 10 ml aliquots of bacterial suspension were placed on carbon-coated copper grids (200-mesh, PELCO, Clovis, CA, USA) and equilibrated for 1 minute. Excess fluid was wicked away with filter paper. The bacteria were fixed with 2.5% glutaraldehyde and 4% paraformaldehyde for 30 seconds. The sample grids were negatively stained with filtered 0.5% (m/v) phosphotungstic acid for 10 to 30 seconds. The bacteria samples were imaged with a H-7500 TEM (Hitachi, Tokyo, Japan) at 80 kV. Images were recorded at 100,000x and 150,000Â magnifications. The data in the TEM images were adjusted using Photoshop version 7.0 software (Adobe Systems, San Jose, CA, USA). Statistical data analysis was performed using Origin 6.0 (OriginLab, Northampton, MA, USA).
Western blot analysis
For western blot analysis, bacteria cultured in 25 ml of LB broth with rotary shaking to an OD 600 of 0.8 to 1 were collected by centrifugation at 4000 rpm, and washed twice in phosphate buffered saline (PBS). Prior to cell breakage, irrelevant His-tagged HCV core protein 1-116 was added to the bacterial suspension at a ratio of 1 mg protein/10 bacteria. The proteins in the cell lysate was subjected to 12.5% SDS-PAGE, and transferred to a PVDF membrane (Millipore, Bedford, MA, USA). The blots were blocked with 5% nonfat milk in TBST saline (20 mM TriseHCl, pH 7.4, 137 mM NaCl, and 0.05% Tween-20) at room temperature for 1 hour, and incubated with the anti-FliC antibody (Novus, Littleton, CO, USA) or the anti-His-tag antibody (Millipore, Bedford, MA, USA) at 4 C. After washing, the blots were incubated with HRP-labeled goat anti-mouse secondary antibody (Perkin Elmer, Waltham, MA, USA) for 1 hour. Bands were visualized using a western blotting chemiluminescence reagent (Perkin Elmer).
Purification of sheared flagella from E coli for FTIR analysis
Intact flagella for ATR-FTIR analysis were purified as described previously, 22 with a minor modification. E coli cultured in 25 ml of LB broth with rotary shaking to an OD 600 of 0.8 to 1 were centrifuged at 4000 Â g, washed twice, and resuspended in 10 ml PBS. Glass beads (2 g, 2-mm diameter) were added to the suspension, and the suspension was vortexed for 90 seconds to shear the flagella. The suspension was then subjected to 2 cycles of differential centrifugation: (1) 12,000 Â g for 10 minutes to remove the cellular debris; and (2) 55,000 Â g for 90 minutes to collect the sheared flagella. Flagella pellets were soaked overnight in PBS at 4 C before gently resuspending in PBS.
ATR-FTIR Spectroscopy
The ATR-FTIR spectra were recorded at room temperature using a Jasco FT/IR-4000 Fourier transform infrared spectrometer (Jasco, Easton, MD, USA) equipped with an ATR accessory. A total of 256 scans were averaged for each spectrum with a nominal resolution of 1 cm À1 and a wavelength range of 7800 to 350 cm
À1
. The spectrum of PBS was used as the baseline measurement, and was subtracted from the flagella scans. The amide I absorption between 1700 and 1600 cm À1 was used to examine the secondary structure of flagellin C.
Results
Atomic force microscopy revealed morphological changes of flagella in E coli cultured in different pH
In our study, pH 6, 7, and 8 were used to represent weakly acidic, neutral, and weakly alkaline environments for bacteria. Fig. 1A and B are representative of the AFM vertical deflection and height images of E coli cultured at pH 6, 7, or 8. Characteristic rod-shaped E coli cells with peritrichous flagella were observed in cultures in pH 7. However, differences in morphology and the number of the flagella on each cell were observed for cells cultured at pH 6 and 8. The flagella of the bacteria cultured in pH 7 were long and curly, and the flagella of bacteria cultured in weakly acidic and weakly alkaline media, were shorter and less curly. There were also differences in the diameter of the flagella of the bacteria that were cultured in different pH. Based on the AFM measurements, the mean AE standard errors values of the diameter of the flagella of bacteria cultured in pH 7, 6, and 8 were 18.292 AE 0.802 nm (n Z 36), 11.491 AE 0.336 nm (n Z 36), and 8.550 AE 0.224 nm (n Z 36), respectively ( Fig. 1C and D) . The flagella morphology and diameter for cells cultured in pH 7 were similar to data from a previous study. 23 Both acidic and basic conditions caused a decrease in the number of flagella produced and changed the overall morphology of the flagella. The AFM results also showed that dense tiny short pili grown around the bacterial cells in the pH 6 and pH 8 samples, which were not observed on cells in the pH 7 environment.
TEM was also applied to image the flagella. The TEM images of the flagella are shown in Fig. 2 . The mean AE standard error of the flagella diameters measured using TEM was 13.767 AE 0.614 nm (n Z 24), 10.374 AE 0.335 nm (n Z 24), and 8.222 AE 0.349 nm (n Z 24) for cells cultured in pH 7, 6, or 8, respectively. Thus, similar effect of the environmental pH on the changes of the flagella diameters was found by the TEM and the AFM.
Swarming motility of E coli was affected by environmental pH
The bacterial swarming at pH 6, 7, and 8 are shown in Fig. 3 . Fig. 3A shows representative images of swarming plates of pH 6, 7, and 8 after 90 hours incubation. As shown in Fig. 3B , as incubation time increased, swarming motility in the different pH environments became more distinguishable. Significant differences in the diameters of the swarming zones appeared between the 36th and 90th hours of incubation. Both the weakly acidic and the weakly alkaline environments affected the motility of the DH5a E coli, compared with observations for pH 7. To rule out the possible influence of reduced growth rates on the swarming measurements, growth curves were measured for cells cultured at pH 6, 7, and 8 ( Fig. 3C) . Analysis of the growth curve data revealed trends in the E coli growth that were similar to those represented by the data from the swarming plate assays. Culturing in medium with pH 9.2 resulted in a prolonged lag phase and the inhibition of log phase growth, but the rate of growth was not affected at pH 5.3 and 7.3 (Fig. 3D) .
Secondary structure of FliC was altered by changes in environmental pH
Flagella filaments are assembled through the polymerization of flagellin C (FliC) subunits 24 ; therefore, FliC may be a key factor for understanding the pH-dependent morphological changes of bacterial flagella. Western blot analysis of expression levels of FliC in bacteria samples cultured at different environmental pH are shown in Fig. 4A . According to the expression analysis, the bacteria cultured in pH 6 and 8 expressed FliC protein at lower levels, compared with expression at pH 7. In addition, statistically significant differences in FliC expression were observed for the pH 8 samples only (<30%). However, whether the difference in FliC expression contributed to the morphological differences observed using the AFM and the TEM is unclear. Therefore, ATR-FTIR spectroscopy was used to investigate whether the structure of FliC assembled in intact flagella was affected by differences in environmental pH. The amide I absorption peak in the ATR-FTIR spectra is considered useful in measuring protein secondary structure composition. 25e27 As shown in the ATR-FTIR spectra of intact flagella (Fig. 4B) , compared with the spectra for the flagella produced in the pH 7 environment, the spectra obtained for flagella produced in the pH 6 and the pH 8 environments showed that the peak at 1655 cm À1 (assigned to a-helix) 26, 27 and the shoulder between 1640 to 1620 cm À1 (assigned to b-sheet structure) 26, 27 were increased relative to the peak at approximately 1672-1675 cm À1 . The reduction of the peak at 1667 cm À1 , which has been assigned to b-turns, 26, 27 was also observed in the pH induced flagella changes in Escherichia colipH 6 and the pH 8 samples. The ATR-FTIR results show that the secondary structure of flagella assembled in the pH 6 and the pH 8 environments is different from that of the flagella assembled in the pH 7 environment.
Discussion
We used a laboratory bacterial strain of E coli to investigate the effects of environment pH on bacterial motility and the production of flagella. Although this strain has been selected for molecular biology applications, the production of flagella in this strain has not been modified, and should thus represent a useful model for flagella production in wild-type E coli. Urinary tract infection (UTI) caused by E coli is a common clinical problem, 28, 29 and motility plays a role in the colonization of uropathogenic E coli in the urinary tract. 30 Reduced bacterial motility in acidic conditions was reported as early as 1965. 11 Since then, researchers have primarily focused on the relationships between motility and motor movement of the flagella basal body in different environments. 30e33 We observed that culturing in weakly acidic or weakly basic environments resulted in reduced motility in E coli. Based on our findings, it is possible that changes in the ionic potential caused by changes in the environmental pH may have contributed to the motility changes observed. However, the ionic potential may not have been the only factor affecting motility because the changes that occur in the environment because of decreased pH are probably not equivalent to the changes resulting from the reversed condition of increased pH. We visualized the pHdependent morphological changes in the flagella of the E coli using AFM. We observed that both the acidification and the alkalization of the environments caused significant changes in flagella morphology and reduced bacterial motility. In addition, pH-dependent changes in the secondary structure of the FliC protein were revealed using ATR-FTIR spectroscopy. Overall, these data suggest that the differences observed in bacterial motility and the morphology of flagella produced in different environmental pH were caused by differences in the secondary structure of the polymerized FliC polypeptides that comprised the flagella filaments. It is also worth noting in the AFM images that, the bacteria cultured in pH 6 and 8 produced more pili and fewer flagella, compared with cells cultured in pH 7. In contrast to the motility function of flagella, bacterial pili have been associated with adherence to the host cell. 34 Thus, the production of pili at pH 6 and 8 may favor attachment to surfaces, rather than swarming through the movements of flagella. Agents such as ammonium chloride, methionine, gluconic acid, methenamine hippurate, and ascorbic acid have been used to acidify urine to aid in the treatment of UTI. 35 Although essentially neutral under most conditions, the pH of human urine can vary between 4.4 and 8 because of changes in the composition of the urine, such as that caused by diet or drug intake. Our study showed that changes in pH within this range may have a significant effect on the structure of bacterial flagella, leading to subsequent reductions in bacterial motility. Our results might therefore imply that inducing slight changes in the pH of urine may help restrict the movement of bacteria in urinary tract and aid medical treatments for UTI.
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